rodactylid species (cunningham et al. 1995a, cunningham 1997) , sequencing of mitochondrial gene has been important in the determination of lineages within species of Gyrodactylus (Meinilä et al. 2004 , Hansen et al. 2007b , Bueno-silva et al. 2011 .
the coi gene is most commonly used for the barcoding of eukaryotes (Hebert et al. 2003) , but the available primers for amplifying cytochrome oxidase i (coi) gene of Gyrodactylus spp. seem to work only on a limited number of species, apparently because of interspecific molecular variability (Meinilä et al. 2002) . since the mitochondrial DNA is a suitable marker for the detection of evolutionary lineages of Gyrodactylus (see Meinilä et al. 2002 , 2004 , Hansen et al. 2003 , 2007a , but of difficult amplification, we propose a fragment of the cytochrome oxidase ii (coii) gene as an additional marker for barcoding viviparous gyrodactylids.
the coii gene has been successfully used as molecular marker in phylogenetic inference and evolutionary studies for various species of animals (caterino and sperling 1999 , Pruess et al. 2000 , Piaggio and spicer 2001 , rawson and Burton 2006 . Although the mitochondrial genome has been sequenced for a few species of Gyrodactylus (Huyse et al. 2007 , 2008 , Plaisance et al. 2007 ), this study proposes, for the first time, to use the coii gene as a marker for gyrodactylids.
in the present study, we describe three new Neotropical species of Gyrodactylus from two sympatric host species, Scleromystax barbatus (Quoy et gaimard) and Scleromystax macropterus (regan), which are found in coastal drainages of southeastern Brazil (Ferraris 2007) . the support for these species is derived from a combination of traditional morphological analysis and molecular markers of DNA (coii and its1-its2). these gyrodactylids represent the first species of Gyrodactylus described from species of Scleromystax günther.
MATERIALS AND METHODS
Adult specimens of Scleromystax barbatus (n = 107) and S. macropterus (n = 34) were collected between 2007 and 2010 from coastal drainages of two sub-basins of the Paranaguá basin, state of Paraná, southeastern Brazil: Fortuna river, municipality of Pontal do Paraná; ribeirão river, municipality of Paranaguá; Pinto river and Marumbi river, municipality of Morretes. specimens of Corydoras ehrhardti steindachner and Corydoras paleatus (Jenyns) were collected in 2006 from the Miringuava river, municipality of são José dos Pinhais, state of Paraná, southern Brazil.
Fish were captured by electrofishing, sacrificed by pithing and placed in vials containing warm water (60 °c) for a few seconds before being fixed in 95% ethanol or 5% formalin. specimens of Gyrodactylus were removed from ethanol under a dissecting microscope and the haptor excised and mounted on a slide prepared with Hoyer's mounting medium. the parasite trunk was used for DNA extraction. Haptoral structures of all parasites were photographed with a digital camera (olympus Qcolor 5) connected to a phase contrast microscope (olympus BX 51), and the images were used to obtain the measurements of the haptoral sclerites. Measurements, all in micrometres, were made following the procedures of Kritsky et al. (1995) and Popazoglo and Boeger (2000) .
the pairs of primers of a fragment of the coii gene were designed with the help of the software Primer Premier 5.0 (Premier Biosoft international) by aligning available mitochondrial sequences of Monogenoidea from genBank: Gyrodactylus derjavinoides Malmberg, collins, cunningham et Jalali, 2007 (accession number EU293891) , Gyrodactylus thymalli Žitňan, 1960 (EF527269), G. salaris (DQ988931), and Microcotyle sebastis goto, 1894 (DQ412044). Four primers, of which three are degenerated, were designed in the following manner: cox2F (5'-tAcAYAYcgcccgtcAAYYtcg-3'), cox2r (5'-AAtAMWKAtWggcAtrWAAgArtg-3'), cox2F2 (5'-tttcActgAgAtAAgtcgtAAc-3') and cox2r2 (5'-ttAccgcttccYtgAAcAcg-3'). Further, an alternative internal reverse primer was designed to amplify some DNA samples of oviparous gyrodactylids: cox2rint (5'-cAtAAttctctAcArtArcc-3').
total DNA was extracted using the DNeasy tissue kit (Qiagen, Venlo, Netherlands). the polymerase chain reaction (Pcr) mix for amplification of the coii gene was optimized as follows: 3 µl DNA template (15-30 ng), 0.4 mM dNtP, 3 mM Mgcl 2 , 1 U Platinum taq polymerase (invitrogen, Waltham, UsA), 1× Pcr-buffer (invitrogen), 0.4 pmol each primer and autoclaved water to complete 25 µl final volume. the Pcr program used in this amplification was optimized as follows: 5 min at 95 °c, after which 40 cycles of 30 s at 94 °c, 45 s at 42-50 °c (gradient), 45 s at 72 °c, and finally 4 min at 72 °c.
Fifteen DNA samples of three species of Neotropical Gyrodactylus that amplified with the coii primers (Gyrodactylus corydori Bueno-silva et Boeger, 2009 , Gyrodactylus samirae Popazoglo et Boeger, 2000) , and Gyrodactylus superbus (szidat, 1973) were used with primers of the coi gene for comparison purposes. two combinations of primers (ZMo1-HB and lB-HB - Meinilä et al. 2002 , Hansen et al. 2003 were used to attempt amplification of the coi gene since these had been shown previously to work for Neotropical species of Gyrodactylus (see Bueno-silva et al. 2011) .
All possible combinations of coi primers from Meinilä et al. (2002) and Hansen et al. (2003) were tested. the Pcr mix for coi gene was composed by 5 µl DNA template, 0.5 mM dNtP, 4 mM Mgcl 2 , 1 U Platinum taq polymerase (invitrogen), 1× Pcr-buffer (invitrogen), 0.5 pmol each primer and autoclaved water to complete 25 µl final volume. the Pcr program for amplification of the coi fragment followed Bueno-silva et al. (2011) : 5 min at 95 °c, then 40 cycles of 1 min at 94 °c, 1 min at 45-50 °c (gradient), 2 min at 74 °c, and finally 7 min at 74 °c. cytochrome oxidase i amplicons were not sequenced.
confirmation of the identification of the new species of Gyrodactylus was supported also by comparative analysis of the fragment stretching from internal transcribed spacer 1 (its1)-internal transcribed spacer 2 (its2). the primers its1 (5'-tttccgtAggtgAAcct-3') and its2 (5'-ggtAAtcAcgcttgAAtc-3') (Ziętara et al. 2000) were used to amplify a fragment of approximately 1 200 bp of the its1-5.8s-its2. the Pcr program for its was as follows: 5 min at 95 °c, followed by 40 cycles of 1 min at 95 °c, 45 s at 50 °c, 1 min at 72 °c, and finally 5 min at 72 °c. Each amplification reaction contained 3-5 μl of template DNA, 3 mM Mgcl 2 , 1× Pcr-buffer (invitrogen), 0.5 pmol each primer, 0.4 mM dNtP and 1 U Platinum taq polymerase (invitrogen) in a total volume of 25 μl. All Pcr products were electrophoresed in a 1.5% agarose gel and purified using MinElute Purification kit (Qiagen). sequencing was performed using BigDye 3.1 chemistry in a 3130 genetic Analyzer (Applied Biosystems, Waltham, UsA).
sequences were edited using the staden Package 2.0 (Bonfield et al. 1995) and aligned using MUsclE (Edgar 2004) . obtained sequences of coii and its of Gyrodactylus were deposited in genBank under accession numbers: G. corydori (KF751714-KF751716), G. samirae (gU131200, KF751717, KF751718), and G. superbus (gU131202-gU131204). Accession numbers of DNA sequences of the new species of Gyrodactylus are presented in their respective descriptions. two sequences of coii (KF751723) and its1-its2 (KF767471) of Aglaiogyrodactylus ctenistus Kritsky, Vianna et Boeger, 2007 were used as an outgroup. species delimitations were inferred by Neighbor-Joining (NJ) method implemented in PAUP 4.0b10 (swofford 2001) based on the coii and its sequences, using the PaupUp interface (calendini and Martin 2005) . Bootstrap values (1 000 pseudoreplicates) were used to assess branch support. the software jModeltest 1.1 (Posada 2008) was used to select the most appropriate model of DNA evolution for coii (tPM1uf+Ί) and its1-its2 (tVM+Ί). Phylograms were viewed and edited using Dendroscope 3.2 (Huson and scornavacca 2012). sequences of the species of Gyrodactylus from Corydoras ehrhardti and C. paleatus were used in these analyses to test the molecular support for the new species.
Mean divergence of differences in the nucleotide composition of coii between and within species of Gyrodactylus was calculated by using the tamura-Nei model implemented in MEgA 5.2 (tamura et al. 2011) . the estimation of variance was performed by using the bootstrap method (1 000 pseudoreplicates) implemented in MEgA.
types were deposited in the following institutions, as indicated in respective descriptions: institute of Parasitology, Academy of sciences of the czech republic, czech republic (iPcAs); Museu de Zoologia da Universidade de são Paulo, Brazil (MZUsP); Museum National d'Histoire Naturelle, Paris, France (MNHN); and Harold W. Manter laboratory, University of Nebraska, lincoln, UsA (HWMl).
RESULTS
Four new Neotropical species of Gyrodactylus were recovered from the body surface of Scleromystax barbatus and S. macropterus . A limited number of one of these new parasite species (n = 5), however, precluded its description herein. Nevertheless, some individuals of this rare species, Gyrodactylus sp. (Figs Description (based on holotype and 17 paratypes). Body elongate, 368 (293-453; n = 7) long, 73 (41-97; n = 7) wide. cephalic glands, head organs, spike sensilla conspicuous. cephalic glands anterolateral, lateral, posterolateral to pharynx. Distal pharyngeal bulb muscular, 30 (21-38; n = 3) wide; proximal pharyngeal bulb glandular, 33 (23-42; n = 3) wide. caeca non-confluent. Male copulatory organ 14 (12-16; n = 6) wide, armed with 1 spine, 2 rows of spinelets; external row with 3-4 large spinelets; internal row with 2-3 small spinelets. testis ovate, 24 (15-32; n = 5) wide, posterior to germarium. germarium ovate, 23 (20-26; n = 2) long, 37 (36-37; n = 2) wide. Uterus with up to 2 generations of embryos. Anchor 55 (53-57; n = 7) long, shaft 32 (30-35; n = 7) long, straight point 17 (16-18; n = 7), deep root poorly developed, knob-like, superficial root elongate, slender. Hook with shaft curved, heel straight, shelf straight, toe pointed, shank 17 (16-17; n = 6) long; hooklet 10 (9-10; n = 6) long; loop of filament hooklet about 1/2 of shank length. Deep bar 2 (1-3; n = 3) long. superficial bar 23 (20-26; n = 4) wide, 10 (10-11; n = 4) long, with 2 anterolateral projections; shield trapezoidal to triangular. Remarks. the new species can be distinguished from other known Neotropical species of Gyrodactylus from callichthyid catfishes by the comparative morphology of the hard structures of the haptor. Gyrodactylus bueni presents hooks and anchors morphologically similar to those of G. anisopharynx Popazoglo et Boeger, 2000 and G. superbus, respectively . the new species, however, can be differentiated from G. anisopharynx by the shape of the hooks with heel straight (hooks with heel convex in G. anisopharynx) and anchors with superficial root comparatively more slender, elongate (anchors with superficial root robust and comparatively shorter in G. anisopharynx).
Gyrodactylus bueni can be distinguished from G. superbus by presenting hooks with shaft relatively shorter, heel straight, toe pointed (hooks with heel convex and depressed toe in G. superbus); anchors with superficial root relatively shorter (anchors with superficial root and point longer in G. superbus) and superficial bar with two anterolateral projections (lacking in G. superbus).
From G. samirae, the new species differs by having hooks with shaft curved, toe pointed, heel straight, and anchors with superficial root slender (hooks with shaft straight, truncate toe, heel trapezoidal, and anchors with superficial root relatively shorter in G. samirae).
Gyrodactylus major sp. n.
Figs. 2, 8-11, 16, 17 Description (based on holotype and 16 paratypes). Body elongate, 524 (469-582; n = 10) long, 93 (63-122; n = 10) wide. cephalic glands, head organs, spike sensilla conspicuous. cephalic glands anterolateral, lateral and posterolateral to pharynx. Distal pharyngeal bulb muscular, 35 (22-43; n = 7) wide; digitiform projections of distal pharyngeal distinct; proximal pharyngeal bulb glandular, 40 (31-47; n = 7) wide. caeca non-confluent. Male copulatory organ 17 (15-18; n = 7) wide, armed
Figs. 1-3. Whole-mounted specimens (holotypes) of three new species of Gyrodactylus from Scleromystax macropterus and S. barbatus (ventral view). Fig. 1 . Gyrodactylus bueni sp. n. Fig. 2 . Gyrodactylus major sp. n. Fig. 3 . Gyrodactylus scleromystaci sp. n.
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with 1 spine, 2 rows of spinelets; external row with 5-7 large spinelets; internal row with 4-6 small spinelets. testis ovate 22 (18-31; n = 3) wide, posterior to germarium. germarium ovate, 25 (22-36; n = 9) long, 32 (19-44; n = 9) wide. Uterus with up to 2 generations of embryos. Anchor 55 (54-56; n = 8) long, shaft 34 (33-36; n = 8) long, straight point 21 (20-23; n = 8), deep root poorly developed, knob-like, superficial root robust. Hook with shaft, point curved, proximal shaft straight, heel convex, shelf convex, toe concave, shank 20 (19-21; n = 7) long; hooklet 10 (9-10; n = 7) long; filamentous hooklet (FH) loop about 2/3 of shank length. Deep bar 3 (3-4; n = 10) long. superficial bar 27 (21-34; n = 4) wide, 8 (7-10; n = 4) long, with 2 anterolateral projections; shield trapezoidal. s p e c i m e n s s e q u e n c e d : coii (gU131207, gU131208, KF751719 and KF751720); its (KF767478-KF767480). E t y m o l o g y : the specific epithet is from latin and refers to the large body size of the specimens, which is uncommon in Neotropical species of Gyrodactylus.
Remarks. Gyrodactylus major can be distinguished from other syntopic Neotropical species of Gyrodactylus described above (G. bueni) by the morphology of the hooks with heel convex, shelf convex and toe concave (hooks with heel straight, shelf straight, toe pointed in G. bueni) and anchors with superficial root robust (anchors with superficial root slender, elongate in G. bueni).
Further, G. major can be differentiated from other known Neotropical species of Gyrodactylus from callichthyid catfishes by the comparative morphology of the hooks and anchors. From G. anisopharynx, the new species differs by the general shape of the hooks with shelf convex and toe concave (hooks with shelf straight, toe pointed in G. anisopharynx). Gyrodactylus major differs from G. corydori by possessing hooks with shaft curved and proximal shaft straight (hooks with shaft straight in G. corydori), and from G. superbus by having hooks with shelf convex and anchor with superficial root robust (hooks with shaft comparatively longer, shelf straight, and anchors with superficial root slender, elongate in G. superbus) . the characteristics that allow distinction of the new species from G. samirae are: hooks with shaft curved, proximal shaft straight, toe concave, heel convex (hooks with shaft straight, truncate toe, heel trapezoidal, and anchor with superficial root relatively shorter in G. samirae).
Gyrodactylus scleromystaci sp. n. Figs. 3, [12] [13] [14] [15] 20, 21 Description (based on holotype and 14 paratypes). Body elongate, 367 (321-396; n = 5) long, 76 (52-95; n = 5) wide. cephalic glands, head organs, spike sensilla conspicuous. cephalic glands anterolateral, lateral and posterolateral to pharynx. Distal pharyngeal bulb muscular, 40 (33-49; n = 4) wide; proximal pharyngeal bulb (Figs. 16, 17) , Gyrodactylus bueni sp. n. (Figs. 18, 19) , Gyrodactylus scleromystaci sp. n. (Figs. 20, 21) and Gyrodactylus sp. from Scleromystax macropterus and S. barbatus. Figs. 16, 18, 20, 22 . Anchor. Fig. 17, 19, 21 Male copulatory organ 16 (14-18; n = 3) wide, armed with 1 spine, 2 rows of spinelets; external row with 5-7 large spinelets; internal row with 4-5 small spinelets. testis ovate 20 (13-28; n = 2) wide, posterior to germarium. germarium ovate, 26 (21-31; n = 4) long, 36 (23-50; n = 4) wide. Uterus with up to 2 generations of embryos. Anchor 49 (47-51; n = 13) long, shaft 29 (28-31; n = 13) long, straight point 19 (17-21; n = 13), deep root poorly developed, knob-like, superficial root curved. Hook with shaft, point recurved, heel convex, shelf convex, toe pointed, shank 15 (14-16; n = 13) long; hooklet 9 (8-10; n = 13) long; FH loop about 3/4 of shank length. Deep bar 3 (2-3; n = 6) long. superficial bar 26 (20-39; n = 6) wide, 12 (8-14; n = 6) long, with 2 anterolateral projections; shield trapezoidal. Remarks. Gyrodactylus scleromystaci can be distinguished from other syntopic Neotropical species of Gyrodactylus described above (G. bueni and G. major). From G. bueni, the new species differs by the shape of the hooks with heel convex and shelf convex (hooks with heel straight and shelf straight in G. bueni), and anchors with superficial root curved (anchors with superficial root slender and relatively longer in G. bueni). From G. major, G. scleromystaci differs by having hooks with shaft comparatively thicker, point recurved and toe pointed (hooks with proximal shaft straight and toe concave in G. major).
Gyrodactylus scleromystaci presents hooks morphologically similar to G. corydori. Nevertheless, the new species can be distinguished from G. corydori by having hooks with toe pointed and shaft curved (hooks with toe concave and shaft straight in G. corydori). Moreover, G. scleromystaci can be distinguished from other known Neotropical species of Gyrodactylus from callichthyid catfishes by the comparative morphology of the hooks and anchors. From G. anisopharynx, the new species can be differentiated by presenting hooks with shelf convex, point recurved and anchors with superficial root curved (hook with shelf straight and anchor with superficial root robust in G. anisopharynx). Gyrodactylus scleromystaci differs from G. superbus by presenting hooks with shelf convex, toe pointed and anchors with superficial root curved (hooks with shaft relatively longer, shelf straight, depressed toe and anchors with superficial root elongate in G. superbus) and from G. samirae by having hooks with shaft curved, toe pointed, heel convex and anchors with superficial root curved (hooks with shaft straight, truncate toe, heel trapezoidal and anchors with superficial root comparatively shorter in G. samirae).
Molecular data
A total of 37 sequences of Gyrodactylus were obtained, of which 25 were sequences of coii and 12 sequences of its. only three out of 15 tissue samples of Neotropical Gyrodactylus amplified a fragment of coi gene (one sample of G. corydori and two samples of G. superbus). only two coi primer pairs (ZMo1-HB and lB-HB) were positive, but no amplicons were obtained with all other possible combinations of coi primers. the primers of coi amplified this fragment adequately only for few samples (n = 3). For the remaining samples, the use of these primer pairs resulted in no amplicons or unspecific amplifications.
the primers for the fragment of coii were positive for all samples analysed and resulted in high quality sequences of 564-576 bp. All coii sequences of Gyrodactylus obtained herein present ttg start codon and tAA or tAg as stop codons. the ttg start codon is a novelty for the coii gene of Gyrodactylus spp. on the other hand, specimens of oviparous gyrodactylids have an Atg start codon and tAA stop codon for this gene.
the resulting NJ phylogram based on the fragment of coii (Fig. 24) indicates the potential of this fragment as a useful molecular marker for barcoding species of Gyrodactylus and possibly other members of gyrodactylidae. Both phylogenetic reconstructions of the coii and its sequences showed clades of species that coincided with previous morphology-based identification and presented high bootstrap values (100%) (Fig. 25) . Further, mean divergence of coii, calculated as the percentage of differences in the nucleotide composition, between the species clades varied from 16% to 72% (table 1) . in contrast, intraspecific variation of coii sequences of Gyrodactylus varied from 0% to 3% (table 1) .
DISCUSSION
Morphologic differences found between anchors and hooks allowed the identification of three new Neotropical species of Gyrodactylus from the body surface of Scleromystax barbatus and S. macropterus in southern Brazil. the identification of these new species was greatly sup-ported by phylogenetic analyses based on DNA sequences of the cytochrome oxidase ii gene (coii) and its1-its2. the use of DNA markers independently has provided support for taxonomic identification of species of Gyrodactylus, but a combination of mitochondrial and nuclear DNA markers seems to be more consistent for the delimitation of species (sensu Hansen et al. 2006 , Kuusela et al. 2008 , Bueno-silva et al. 2011 .
sequences of coii varied in length between and within species of Gyrodactylus, suggesting that this gene could contribute to population genetic studies. interestingly, we have found the ttg start codon for coii gene of Neotropical species of Gyrodactylus, which is considered a novelty, given that only Atg start codon is known at present for cytochrome oxidase genes of Gyrodactylus (see Huyse et al. 2007 , 2008 , Plaisance et al. 2007 .
the coi gene is most commonly used for the barcoding of species of eukaryotes (Hebert et al. 2003) . this gene, however, is difficult to amplify successfully for several animal species (Bhadury et al. 2006 , Moszczynska et al. 2009 , Hoareau and Boissin 2010 , including species of Gyrodactylus (see Meinilä et al. 2002, this study) . Alternatively, the coii gene has been successfully used as a molecular marker in phylogenetic reconstructions and evolutionary studies for various species of animals (spicer 1995, Adkins et al. 1996 , Frati et al. 1997 , caterino and sperling 1999 , Pruess et al. 2000 , Piaggio and spicer 2001 , rawson and Burton 2006 . Although the rate of nucleotide substitution of coii is higher than the coi in Gyrodactylus (Huyse et al. 2008) , we found it easier to locate conserved regions of the mitochondrial genome to design primers to amplify and sequence coii than coi of gyrodactylidae. the coii primers proposed herein may not be universal but the data suggest that coii could be used as an additional molecular marker for species of gyrodactylidae and possibly other lineages of Monogenoidea.
the pairs of coii primers proposed herein provide consistent amplifications of the sampled specimens and the fragment depicts exceptional potential in the recognition of specific clusters. thus, we propose the coii gene as an additional molecular marker for barcoding viviparous gyrodactylidae. the fragment is likely useful for phyloge- netic, phylogeographic and other studies involving species of this lineage. in addition, the usefulness of the proposed primers may be more extensive than recognized herein. they were consistently efficient in amplifying and sequencing of members of several other families of Monogenoidea, including several species of oligonchoinea (Bicotylophoridae, Diclidophoridae and Microcotylidae) and Polyonchoinea (capsalidae, oviparous gyrodactylidae and Udonellidae; data not shown). occasionally, the coii primers fail to amplify DNA, but we have found that, at least for some species, this could be solved with the adjustment (e.g. lowering) of the annealing temperature in Pcr.
